We read with interest the article by Zhang and coworkers (1) . This study was performed to determine whether formaldehyde exposure disrupts the hematopoietic function and produces leukemia-related chromosome changes in exposed humans. The results might point to a yet unknown carcinogenic mode of action of formaldehyde leading to leukemia. Indeed, a working group at the IARC referred to this study when recently re-evaluating the carcinogenicity of formaldehyde (2) . However, we are concerned about the reliability of the results because we identified several important shortcomings in the study setup, the evaluation and interpretation of the results, and selection bias in the references given.
Was The Study Appropriately Designed and Set Up?
Study participants, especially those of the unexposed study group, were insufficiently characterized. The only information on the type of work of this group was that they "were engaged primarily in manufacturing." The basis of the participation rates is unclear: no information is given on the number and on the representativeness of workers monitored for formaldehyde exposure. However, this was a condition for recruitment of the exposed group. The authors reportedly requested information on medical history and current medications but no specific information was presented. Medication might well have affected the results: there was a clearly higher percentage in exposed versus unexposed regarding recent respiratory infections (40% versus 29%). There was also no information given on differences between the five different plants of the study participants and how information varied across plants, e.g., it is unclear whether subsets of exposed and unexposed used for fluorescence in situ hybridization analyses were from two, three, four, or five different plants. Obviously, there are uncertainties regarding recruitment, characterization, and exchangeability of study subjects which limits the reliability of this study.
Are The Results Presented Adequately?
Only unadjusted summary measures were reported, no parameter estimates were given from the multiple regression analyses. However, the latter is the really interesting information if any causal conclusions should be drawn (3) . Whether the effects are relevantly smaller after adjustment for important variables (e.g., age, gender, smoking, and workplace) was not reported.
Does Formaldehyde Disrupt Hematopoiesis?
A systemic effect of formaldehyde is inferred from blood cell counts. Statistically significant reduced blood cell counts were measured in exposed workers. However, all blood cell counts reported were in the reference range. Therefore, the biological relevance of this finding is questionable. For an independent assessment of the data, the raw data should be published as a supplement on the web site of the journal. Furthermore, important covariates that potentially influence blood cell counts were not taken into account by the authors: physical activity (4) and time of day of blood sampling (5, 6). Type of work was not characterized for the control group: if physical activity level between exposed and controls differed, the comparison might be distorted. Collection and processing time of blood samples may have varied between the different work places where samples were taken. Ignoring these covariates may have limited the reliability of the differences in blood cell counts.
Are The Detected Chromosome Aberrations Exposure-related and Leukemia-specific?
The authors report that they found an increased incidence of leukemia-specific chromosome aberrations in cultured hematopoietic progenitor cells of formaldehydeexposed workers. They measured the frequencies of monosomy 7 and trisomy 8 in granulocyte-macrophage colony-forming units (CFU-GM) after 14 days of in vitro culture. However, the origin of these aneuploidies remains unclear. It is not possible to determine whether these aberrations were already formed in the bone marrow in vivo or whether they occurred during proliferation in vitro. Nothing is known about the frequency of aneuploidy that occurs in vitro during the cultivation of CFU-GM. However, the frequency of aneuploid mitoses in controls (i.e., in the absence of any specific induction) is very high. This finding suggests that mitotic malsegregation is unusually frequent in these cells or that the preparation of metaphases led to a high incidence of artifacts. Surprisingly, the corresponding aneuploid effects (i.e., trisomy 7 and monosomy 8) were neither seen/reported in exposed workers nor in controls.
Obviously, monosomy 7 and trisomy 8 were scored in pooled cultures from CFU-GM cells but the number of colonies that were isolated from each blood sample and the number of colonies analyzed were not stated. For a critical assessment of the results, it would be helpful to have these data published as supplementary information on the journal's web site. Because the incidence of aneuploidy was not determined separately in the single colonies, it is not possible to conclude how often malsegregation of chromosomes had actually happened. It cannot be excluded that the cells with aneuploidy scored originated from a few colonies with different degrees of expansion during the cultivation period. Thus,
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It is not clear why monosomy 7 and trisomy 8 were selectively investigated. The authors state that monosomy 7 and trisomy 8 are leukemia-specific chromosome aberrations. However, according to the WHO/IARC classification of myeloid leukemia (7), the typical and most frequent chromosome aberrations are translocations, whereas deletions and aneuploidies belong to the secondary cytogenetic abnormalities. Interestingly, the reference given by the authors (8) for the statement that monosomy 7 and trisomy 8 "are among the most frequent cytogenetic changes observed in myeloid leukemia and myelodysplastic syndromes", does not mention these aneuploidies at all.
Taken together, the article does not provide convincing evidence that the differences measured in the frequencies of monosomy 7 and trisomy 8 in CFU-GM colonies has any significance for the formation of leukemia or any relationship with the exposure of workers to formaldehyde.
Does Formaldehyde Induce Aneuploidy?
Formaldehyde's mutagenic mode of action is quite well understood and it has been shown that formaldehyde predominantly acts by a clastogenic and not by an aneugenic mode of action (9) (10) (11) . It is generally accepted that the induction of aneuploidy is a so-called indirect mechanism of genotoxicity due to an interaction with redundant non-DNA targets (e.g., tubulin; ref. 12). In contrast with clastogenic effects, the induction of aneuploidy is expected to show threshold concentrationeffect curves. Formaldehyde-induced aneuploidy in the absence of a clear clastogenic effect is highly unlikely and an association between formaldehyde exposure and aneuploidy is most likely a chance finding. A negative in vivo micronucleus test with rats exposed to formaldehyde by inhalation for 4 weeks with target concentrations up to 15 ppm supports the view that formaldehyde does not induce aneuploidy in bone marrow cells (13) .
Are Systemic Mutagenic Effects of Formaldehyde Likely?
The question of systemic genotoxicity is inadequately addressed by the authors because they provide a biased selection of animal studies with positive results: one study in Russian language (14) and one in Chinese language (15) . It is not possible for us to critically evaluate these studies, which were not published in internationally recognized journals. However, reliable and comprehensive in vivo animal inhalation studies done according to international guidelines for genotoxicity testing are published and clearly indicate that formaldehyde does not have a systemic genotoxic effect on blood and bone marrow (13, 16) . Human biomonitoring studies have given inconsistent and conflicting results and the likelihood that cytogenetic effects measured in cultured peripheral lymphocytes of formaldehydeexposed subjects are actually related to formaldehyde exposure has been critically discussed (9) .
In the context of possible systemic effects of formaldehyde, it is important to understand how such a highly reactive substance as formaldehyde could reach distant sites. The authors present the hypothesis that "methanediol… may readily penetrate into tissues, may travel to the marrow through the blood where it is in equilibrium with reactive formaldehyde… (that) can react with cellular macromolecules" referring to Fox et al. (17) and Matubayasi et al. (18) . However, these articles investigated specific questions (i.e., the process of tissue fixation and the formaldehyde/methanediol equilibrium under artificial conditions) and the results were not directly related to biological situations. Apart from the well-known fact that the equilibrium at 25°C is far on the side of methanediol, no further information regarding possible physiologic effects could be derived. At present, the proposed role of methanediol in formaldehyde's genotoxicity is merely speculative and the abundance of evidence suggests that there is no delivery of inhaled formaldehyde to distant sites (13, 19) .
Finally, the authors showed that CFU-GM progenitor cells are sensitive to formaldehyde exposure in vitro and use this finding as an argument to support their hypothesis that "formaldehyde can have an adverse impact on the hematopoietic system and that leukemia induction by formaldehyde is biologically plausible." However, this conclusion is scientifically unjustified. There is no doubt that formaldehyde damages cells directly exposed in vitro. This has been shown for several cell types including human lymphocytes (9, 20) , and the effective formaldehyde concentration clearly depends on the method used (20) . Therefore, it is not at all surprising that human myeloid progenitor cells are damaged by formaldehyde when they are directly exposed in vitro and the effect shown by Zhang and coworkers is certainly not specific for myeloid progenitor cells.
In summary, we have identified some methodologic insufficiencies and scientifically unjustified conclusions that clearly limit the reliability of the publication and its usefulness with regard to supporting a leukemogenic potential from occupational and environmental exposures to formaldehyde. Because this study is too preliminary and has too many shortcomings, it is not suited to demonstrate a systemic (geno-)toxic mode of action of inhaled formaldehyde.
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